Both the rich mineralization in the Lower Yangtze Block (LYB) and the post-collisional mafic rocks in the Dabie Orogen (DBO) are closely related to the Cretaceous magmatism in east-central China. Various geodynamic models have been proposed for explaining the mechanism of the Cretaceous magmatism, but these models are controversial and even contradictory with each other, especially on the mechanism of adakites. A unified geodynamic model is required for explaining the magmatism in east-central China, in particular, the spatial and temporal correlations of magmatic activity in the DBO and that in the LYB. For this purpose, we apply teleseismic tomography to study P-wave velocity structure down to 800 km depth beneath east-central China. A modified multiple-channel cross-correlation method is used to collect 28,805 high-quality P-wave arrivaltime data from seismograms of distant earthquakes recorded by permanent seismic stations and our temporary stations in the study region. To remove the influence of crustal heterogeneity on the mantle tomography, we used the CRUST1.0 model to correct the teleseismic relative residuals. Our tomography revealed distinct high-velocity (high-V) anomalies beneath the DBO and two flanks of the LYB, and low-velocity (low-V) anomalies above the high-V zones. Combining our tomographic images with previous geological, geochemical and geophysical results, we infer that these high-V and low-V anomalies reflect the detached lithosphere and upwelling asthenospheric materials, respectively, which are associated with the Late Mesozoic dynamic process and the Cretaceous magmatism. We propose a double-slab subduction model that a ridge subduction yielded the adakitic rocks in the LYB during 150-135 Ma and the subsequent Pacific Plate subduction played a crucial role in not only the formation of igneous rocks in the LYB but also remelting of the subducted South China Block beneath the DBO during 135-101 Ma.
Introduction
The present study region, east-central China, consists of the southeastern part of the North China Block (NCB), the South China Block (SCB, including the Yangtze Block and the Cathaysia Block), and the QinlingDabie-Sulu Orogen (Fig. 1a) . In the Lower Yangtze Block (LYB), there exists an important metallogenic belt that contains more than 200 polymetallic deposits, such as Cu, Au, Mo, Fe, Zn, Pb and Ag (Pan and Dong, 1999) . Most of these deposits are clustered in a narrow zone which contains several mineralization districts (Fig. 1c) . Previous geological, geochemical and geophysical studies have suggested that these rich mineral resources in the LYB are closely associated with the extensive magmatic activity in the Late Mesozoic (e.g., Hou et al., 2007; Ling et al., 2009; Lü et al., 2005 Lü et al., , 2013 Mao et al., 2011a; Sun et al., 2013; Wu et al., 2012) . The Early Cretaceous magmatic rocks are also widespread in the Qinling-Dabie-Sulu Orogen which is not only one of the largest ultrahigh pressure (UHP) metamorphic belts in the world (Ling et al., 2011; Liu et al., 2006; Yang et al., 2008) but also the world famous molybdenum (Mo) ore district (Mao et al., 2011b) . Zircon U-Pb geochronological studies demonstrate that post-collisional mafic igneous rocks in the Dabie Orogen (DBO) were mainly emplaced during 140-110 Ma . In addition, the eastern NCB experienced strong destructions of craton in the Late Mesozoic, especially peaked in the Early Cretaceous, because of the destabilization of mantle convection caused by the subduction of the Pacific plate (e.g., He, 2014; Zhao, 2006, 2009; Kameyama and Nishioka, 2012; Lei and Zhao, 2005; Zhao, 2011, 2013; Tian et al., 2009; Wang et al., 2013 Wang et al., , 2014 Xu and Zhao, 2009; Zhao, 2015; Zhao et al., 2004 Zhao et al., , 2007 ). The craton destructions finally resulted in a thinned lithosphere of NCB from 200 km thick in the Tectonophysics 664 (2015) [256] [257] [258] [259] [260] [261] [262] [263] [264] [265] [266] [267] [268] Archean/Proterozoic to 60-100 km thick at present (e.g., Chen, 2009) . Therefore, the Early Cretaceous was one of the most important periods of magmatic activity in the study region. Many researchers have been studying this region for understanding the mantle dynamics and the Cretaceous magmatism in east-central China.
In terms of the zircon U-Pb dating, the magmatism can be divided into two separated stages: 150-136 Ma and 136-120 Ma in the LYB (Mao et al., 2011a; Wu et al., 2012) and Ma in the DBO ). The distinct two-stage characteristic of the Mesozoic magmatism was also observed in other areas of eastern China (e.g., Mao et al., 2008a Mao et al., ,b, 2011a Wu et al., 2005) . Recently, Sun et al. (2013) have further divided the LYB magmatism into four periods: In this study, we adopt the two-stage proposal of the Mesozoic magmatism.
There are some different viewpoints about the mechanism of the two-stage magmatism. The first-stage granitic rocks in the LYB are mostly composed of I-type granodiorite and monzogranite with weak adakitic signature (Mao et al., 2011a) , whereas the late stage rocks such as shoshonite and diorite are rarely adakitic and occurred primarily in rift areas such as the Luzong and Ningwu basins (Sun et al., 2013) . A slab-tearing window model was proposed by Wu et al. (2012) for interpreting the adakitic feature of the magmatism (150-136 Ma). However, Ling et al. (2009) suggested subduction of a ridge between the Izanagi and the Pacific Plates as a mechanism of the adakitic generation (140-125 Ma), which was supported by Sun et al. (2010) . On the other hand, to explain the special K-rich and higher δ 18 O of igneous rocks in the LYB and the eastern DBO, Li et al. (2013) proposed a flat-slab subduction model, which was originally proposed for explaining the oceanward younger trending of the Permian-Early Cretaceous magmatism in the Cathaysia Block Shan et al., 2014) . By comparing the adakites in the DBO with that in the LYB, Ling et al. (2011) found that the DBO adakites contain higher La/Yb and Sr/Y, suggesting that the DBO adakites were likely produced by partial melting of the lower continental crust rather than the oceanic crust. Many different models have been proposed for explaining the largescale mineralization in the LYB, such as the crust-detachment model based on linear aeromagnetic anomalies (Li, 1994) , the underplating model related to the lithospheric delamination using deep seismic reflection data (Lü et al., 2005) , and the MASH model based on observations of the lower crustal seismic anisotropy . Concerning the formation mechanism of post-collisional mafic igneous rocks in the DBO, there are also several possible models, which can be classified into two types. One type is associated with partial melting of the lower continental crust (e.g., Huang et al., 2008; Ling et al., 2011) , possibly accompanied with delamination of the subcontinental lithosphere . The other type is related to the subcontinental crust, suggesting that the subducted SCB in the Triassic had kept stagnant beneath the DBO until its reactivity in the Early Cretaceous (Huang et al., 2014) .
Results of these previous studies indicate that the LYB mineralization and the DBO post-collisional mafic rocks were related to the Cretaceous magmatism, but the mechanism of the magmatism is very controversial. We need a unified model to explain both the mechanism of the mineralization and the post-collisional magmatism, because they have close spatial and temporal correlations.
Several researchers have used seismic tomography to study the mantle dynamics in East China. Regional tomography results provide information on large-scale three-dimensional (3-D) velocity features (Huang and Zhao, 2006; Lebedev and Nolet, 2003; Li and van der Hilst, 2010; Wei et al., 2012 ), but could not reveal the detailed structure. In contrast, local tomography results show more detailed velocity structure such as the detached lithosphere (e.g., Huang and Zhao, 2009; Zhao, 2011, 2013; Xu and Zhao, 2009; Xu et al., 2001 Xu et al., , 2002 . Zheng et al. (2012) studied the velocity structure beneath eastern China, but the seismic stations in their study were too sparse to obtain a high- resolution model. Zhao et al. (2012) presented 3-D tomographic models of V P , V S and V P /V S ratio in the upper mantle beneath east China and adjacent areas. Recently, Ouyang et al. (2014) used both ambient noise tomography and teleseismic two-plane-wave tomography to study the velocity structure in the middle-lower Yangtze River region, but their model is limited to a depth of 200 km. Jiang et al. (2013 Jiang et al. ( , 2014 conducted teleseismic tomography and revealed clearly detached lithospheric rocks and upwelling asthenospheric materials, but their study region was limited to the LYB (the black box in Fig. 1b) .
In the present study, we use a large number of high-quality teleseismic data recorded by much more seismic stations than all the previous studies to determine a detailed 3-D P-wave velocity model down to a depth of 800 km beneath a broad region in east-central China. Our present results shed new light on the mechanism of the Cretaceous magmatism and mantle dynamics in east-central China.
Data and method
In this study, we used travel-time data collected from high-quality teleseismic waveforms recorded at 154 permanent network stations and 20 temporary stations (Fig. 2a) . The permanent stations belong to the Chinese provincial seismic networks, in particular, those in Anhui, Jiangsu, Jiangxi, Hubei, Henan and Zhejiang provinces (Fig. 2a) . The waveforms were recorded during January 2010 to December 2011. The temporary stations were deployed in a period from July 2012 to August 2013 by our group in China University of Geosciences (Beijing), and the station intervals are approximately 50 km, which fill up the gap of the seismic network in the southern Anhui province. All the stations used cover the study region densely and uniformly except for the northwestern part (Fig. 2a) .
The teleseismic events were selected according to the following criteria.
(1) The earthquake magnitudes are greater than Mb 5.5; (2) the epicentral distances are from 30°to 90°; (3) each event was recorded by more than 10 stations. As a result, 301 events were selected for this study (Fig. 2b ). Fig. 3a shows an example of 23 vertical-component seismograms selected randomly from 149 observations of a teleseismic event. The band of dominant frequency is from 0.1 to 1 Hz, and all the waveforms were filtered using a band-pass Butterworth filter.
In this study, we used the teleseismic tomography method (Zhao et al., 1994 ) to study the upper-mantle 3-D P-wave velocity (Vp) structure beneath the study area. A 3-D grid is set up in the modeling space, and Vp perturbations at the grid nodes from a 1-D starting velocity model are taken to be unknown parameters. The Vp at any point in the model is calculated by volume-weighted interpolating of the velocities at the eight grid nodes surrounding that point. The cross points of teleseismic rays piercing the bottom plane of the study volume are regarded as "new hypocenters", and the 3-D ray tracing scheme of Zhao et al. (1992) is used to trace the ray paths from the "new hypocenters" to their corresponding stations. A sparse linear system of observation equations is constructed after ray paths and theoretical travel times are determined, which is then solved using the LSQR algorithm (Paige and Saunders, 1982) . Damping and smooth regularizations are adopted in the inversion to obtain a stable and reliable solution.
The data used in the teleseismic tomography are relative travel-time residuals instead of raw travel-time residuals (Zhao et al., 1994) . To improve the data precision and the efficiency of data collection, we used a modified multi-channel cross-correlation (MMCC) method (Jiang et al., 2013) to obtain relative residuals from the teleseismic waveforms automatically. The MMCC scheme was developed from the original multichannel cross-correlation (MCCC) method of VanDecar and Crosson (1990) by combining the phase-weighted stacking scheme (Schimmel and Paulssen, 1997) and the geometric normalized cross-correlation method (Schimmel, 1999) . The advantage of the MMCC method is that it can avoid inversion of an overdetermined equation constructed by the MCCC scheme. The key step of the MMCC method is to calculate the relative arrival time between any two waveforms precisely. Fig. 3b and c shows 149 waveforms with a duration of 23 s aligned according to their calculated arrival times and their common phases, respectively. The waveforms can be aligned well after the corresponding relative time calculated by the MMCC scheme is subtracted from each seismogram ( Fig. 3c) , indicating that the MMCC method is effective and efficient. We have used this method to process all the teleseismic waveforms and obtained 28,805 relative travel-time residuals with an (a) (b) Figs. S1a-S1d show the distributions of average relative residuals at every stations from the teleseismic events in four different quadrants (Fig. 2b ). The distribution of the average residuals from all the events (Fig. S1e) shows that most of the residuals are positive at the stations in the LYB and the NCB, whereas they are negative at the stations in the western and northeastern parts of the study region. The positive and negative residuals correspond to lower and higher Vp anomalies, respectively, in the study region.
Crustal correction
In teleseismic tomography, rays do not crisscross well in the crust and the uppermost mantle, hence a reliable tomography cannot be obtained for the shallow part of the study volume. Thus, it is necessary to correct the teleseismic relative residuals to remove the influence of the crustal heterogeneity, which is called crustal correction (e.g., Chen et al., 2014 Chen et al., , 2015 Jiang et al., 2009a,b; Lei and Zhao, 2005) . The principle of the crustal correction is simply to subtract the relative residuals caused by velocity anomalies in the crust and the uppermost mantle from the raw relative residuals. The key step of the crustal correction is to calculate relative residuals of the teleseismic rays in a 3-D velocity model of the crust and the uppermost mantle. Firstly, we assign the depth for the crustal correction to be 50 km, which is the depth of the upper limit of our tomography model. Secondly, we used the iasp91 velocity model (Kennett and Engdahl, 1991) to trace all the teleseismic P rays between the earthquake hypocenters and the corresponding stations, and then obtained the intersections between the rays and the bottom plane (at 50 km depth). Thirdly, we calculated travel times of the ray segments in a 3-D crustal velocity model and in the iasp91 model, respectively, using the 3-D ray tracing method (Zhao et al., 1992) . For the 3-D crustal model, we adopted the CRUST1.0 model (Laske et al., 2012) , which is an updated global model of Earth's crustal structure specified on a 1°× 1°grid. Finally, a relative travel-time residual caused by velocity heterogeneities in the crust and the uppermost mantle was calculated from the individual residuals by removing the mean residual averaged over all stations for each teleseismic event, which is similar to the calculation of raw relative residuals (Zhao et al., 1994) . As a result, most relative residuals caused by velocity variations in the crust and the uppermost mantle are within ± 0.2 s (Fig. 4a and Fig. S2a) , which are about 10% of the raw relative residuals (Fig. S2b) . Fig. 4a demonstrates the distribution of the mean relative residuals generated by the crustal correction, which suggests that all the relative residuals can be divided into four parts or belts trending in the NE-SW direction labeled I, II, III and IV from the west to the east. The negative relative residuals in Part II are primarily related to the LYB, whereas the positive ones (Part I and Part III) are distributed on both sides of Part II. Analyzing the Vp differences between the 1-D model (the iasp91 model) and the 3-D model (the CRUST1.0 model) beneath five different sites down to 50 km depth (Fig. 4b-f) , we attribute this belt pattern to the Vp differences at depths N 20 km, because the Vp differences at depths b 20 km are similar.
To investigate the influence of the crustal correction on the tomographic results, we firstly calculated the Vp anomalies applying the teleseismic tomography method (Zhao et al., 1994 ) to the relative residuals without and with the crustal correction, respectively, and then obtained the differences between the two sets of Vp anomalies (Fig. S3a ). The standard deviations at different depths are then calculated, which decrease with depth nonlinearly from 0.22% to 0.1% (Fig. S3b) , suggesting that the crustal correction mainly affects the shallower areas, because the Vp differences are very small in the deeper parts. This feature is also visible in previous works (e.g., Jiang et al., 2009a Jiang et al., , 2014 .
Resolution analysis and results

Checkerboard tests
As mentioned above, a 3-D grid is set up in the modeling space to express the 3-D velocity structure. We conducted extensive checkerboard resolution tests to determine the optimal grid spacing. In the checkerboard tests, the horizontal grid interval is set to be 0.5°, 0.75°and 1.0°, respectively, and the depth layers are set at 50-1100 km depths with an interval of 50-100 km. Positive and negative Vp anomalies of 2% are then assigned to the grid nodes alternatively, which form a checkerboard model. We calculated synthetic travel times for the checkerboard model and then inverted the synthetic data to get the recovered images. The numbers and locations of seismic stations and events are the same as those in the observed data set. Fig. 5a -c shows the results of the checkerboard tests at 50 km depth with three different grid intervals. The results of the checkerboard tests at other depths with a grid spacing of 0.5°, 0.75°and 1.0°are shown in Fig. S4, Fig. 6 and Fig. S5 , respectively. Considering these test results, we adopt a 3-D grid with a grid interval of 0.75°to conduct tomographic inversions of our data set.
In the travel-time tomography, there always exists a trade-off between the variance of the inverted model and the root-mean-square (RMS) travel-time residuals (e.g., Aki et al., 1977; Eberhart-Phillips, 1986; Zhao, 2015; Zhao et al., 1992) . To resolve such a problem, we follow the approach of Eberhart-Phillips (1986) by conducting many tomographic inversions using different values of the damping parameter. Then a trade-off curve is constructed (Fig. 5d) , from which we find the optimal damping value to be 15.0 by considering the balance between the variance of the inverted model and the reduction of the RMS travel-time residual. Fig. 6 displays the results of the checkerboard test with a grid interval of 0.75°at different depth layers. At the shallower layers (50 km and 100 km depths), the area with a good resolution is limited by the distribution of seismic stations (Fig. 6a-b) . However, the area with a good resolution becomes wider gradually with depth except for the edge of the study region down to 600 km depth (Fig. 6c-g ). At depths N 600 km, the well-resolved area gradually becomes smaller toward the southeast (Fig. 6h-i) .
We adopt three ways to show our tomographic results, including plan views, vertical cross-sections and a perspective view. Considering the checkerboard test results, we show only the results down to 800 km depth (Figs. 7 and 8 ). Fig. 7 shows plan views of our tomographic results at 9 depth layers from 50 to 800 km depths. Beneath the western part of the study region (eastern Sichuan Basin), the range of high-velocity (high-V) anomalies becomes larger gradually with depth eastward and extends down to 600 km depth, which is well confined to the middle Yangtze Block and the Dabie Orogen (DBO) (Fig. 7a-g ) but disappears at 700-800 km depths (Fig. 7h-i ). This feature is also observed in the previous P-wave regional tomographic results (e.g., Li et al., 2006; Wei et al., 2012; Zhao et al., 2012) and S-wave tomographic results (Lebedev and Nolet, 2003; Zhao et al., 2012) . However, a regional tomography by Huang and Zhao (2006) shows that this high-V feature beneath the Sichuan Basin extends down to only 300 km depth, perhaps due to a lower resolution of their regional model. The high-V anomaly beneath the middle Yangtze Block might represent the rigid and cold root of the current Yangtze craton which formed in the Archean. The high-V body beneath the DBO is also consistent with a lower temperature condition of the South Dabie eclogite formation (e.g., Zheng, 2008) . Another clear high-V anomaly is visible at 500-700 km depths beneath the LYB (Fig. 7f-h ), which is a reliable feature because the Vp anomaly can be recovered well there (see Fig. 6f-h ). In the previous regional tomographic results, this high-V anomaly always shows up and is interpreted to be a stagnant Pacific slab in the mantle transition zone (e.g., Huang and Zhao, 2006; Li et al., 2006; Wei et al., 2012; Zhao, 2015; Zhao et al., 2004 Zhao et al., , 2007 . We think that the high-V anomaly at 500 km depth beneath the Tanlu fault reflects another detached lithosphere, because it is separated from the high-V anomaly reflecting the stagnant Pacific slab, which is clearly visible in the vertical crosssections (e.g., Fig. 8b and f) . Beneath the western Sulu Orogen, high-V anomalies exist at depths of 50 to 100 km ( Fig. 7a and b) , which may be related to the formation of the Subei Basin and the Hefei Basin.
Plan views
Prominent low-velocity (low-V) anomalies are visible at 50-100 km depths, which are divided into the northern and southern parts by the DBO (Fig. 7a-b) and link together at depths of 200 to 400 km ( Fig. 7c-e ), but they are separated again at 500 km depth (Fig. 7f) . As the depth increases, the southern low-V anomaly moves southwestward to beneath the Cathaysia Block (Fig. 7f-i) . This low-V anomaly may be related to a hot mantle flow or upwelling asthenospheric material. The previous tomographic results only show a simple pattern of the low-V anomaly (e.g., Huang and Zhao, 2006; Li et al., 2006; Wei et al., 2012; Zheng et al., 2012) , whereas our present tomography shows much more details of this feature. Ouyang et al. (2014) observed a striking low-V anomaly at depths of 100-200 km directly beneath the Middle-Lower Yangtze River. However, the low-V anomaly beneath the LYB extends down to 400 km depth in our present result or down to 330 km depth in the result of Zhao et al. (2012) . The major cause of the depth difference is that the surface-wave tomography of Ouyang et al. (2014) can hardly distinguish the feature at depths N 250 km.
It is also noteworthy that slightly high-V anomalies exist under the DBO at depths of 50 to 400 km, but there are few low-V anomalies, suggesting that the DBO may become stable at present, although it had ever produced the ultra-high pressure metamorphic belt. These high-V anomalies at depths N 300 km may also reflect the detached lithosphere. Fig. 8 shows seven vertical cross-sections of our P-wave tomography. Three profiles (AA′, BB′ and CC′) are almost perpendicular to the Tanlu fault, while the other three ones (DD′, EE′ and GG′) are roughly parallel to the Tanlu fault. The profile FF′ is along the metallogenic belt. In the vertical cross-sections, high-V anomalies are outlined by white lines and they are labeled with '1'-'6' in Fig. 8 , naming H1-H6. H1 is located beneath the LYB, corresponding to the high-V anomaly at depths of 600-700 km (Fig. 7g-h ), which may be attributed to the stagnant Pacific slab in the mantle transition zone (e.g., Huang and Zhao, 2006) . H2 is located directly beneath the DBO down to 400 km depth and links together on its south with the high-V anomaly under the Middle Yangtze Block (Fig. 8d) . This feature was not observed by the previous regional tomography (e.g., Huang and Zhao, 2006; Li et al., 2006; Wei et al., 2012; Zheng et al., 2012) . It is also interesting that H2 seems to only appear beneath the area where the UHP/HP rocks are rare (Zheng, 2008) . In the depth range of 400 to 500 km under the eastern part of DBO, there exists a clear high-V anomaly, H3 (Fig. 8b) , which is connected with H4 and H6 (Fig. 8e) . H6 extends down to the mantle transition zone where it is connected with H1 (Fig. 8a) . H5 exists beneath the ocean-continental margin at depths of 200 to 500 km (Figs. 7c-f and 8b) . The high-V anomalies, H3, H4, H5 and H6, may reflect a detached lithosphere or a subducted slab. Taking into account the previous geological, geochemical and geophysical results in the study region, we think that H1 reflects the stagnant Pacific slab, H2 represents the remnant of the subducted SCB, H4, H5 and H6 reflect the detached lithosphere of the LYB, whereas H3 might be the mixed remnants of the subducted SCB and the detached lithosphere of the LYB.
Vertical cross-sections
Besides the distinct high-V anomalies, several prominent low-V anomalies are also visible (Fig. 8) . These low-V zones are located above the high-V anomalies and so may represent upwelling asthenospheric materials or partial melts due to dehydration of the subducted slab (e.g., Chen et al., 2015; Huang et al., 2015; Jiang et al., 2009a; Liu et al., 2013; Wei et al., 2012; Zhao et al., 1994 . However, there is no low-V anomaly above H3 under the eastern DBO (Fig. 8b) . In Fig. 8f , the low-V anomaly under the metallogenic zone extends down to the bottom of the mantle transition zone, which was also revealed by ambient noise tomography in a depth range of 50-250 km (Ouyang et al., 2014) . Fig. 9 shows a 3-D perspective image of our tomographic model, which includes only the high-V anomaly east of~115°E and the low-V anomaly south of 35°N, because we mainly pay attention to the stagnant Pacific slab, the detached lithosphere and the upwelling asthenospheric materials. Three features are clearly visible: (1) the low-V anomaly beneath the LYB is underlain by a high-V anomaly; (2) the detached lithosphere as a high-V body is connected with the stagnant slab-related high-V anomaly; and (3) the hot upwelling-related low-V anomaly ascends from the lower mantle beneath the Cathaysia Block.
A perspective view
Synthetic test
In this study we used teleseismic tomography to obtain a highresolution 3-D Vp model down to 800 km depth under east-central China. Our results suggest that lithospheric detachment and asthenospheric upwelling have taken place beneath the DBO and the LYB. To confirm the inverted high-V and low-V anomalies, we performed a synthetic test, which is generally conducted in all tomographic studies (e.g., Huang and Zhao, 2006; Liu and Zhao, 2014; Tian et al., 2009; Zhao, 2015; Zhao et al., 1994 ). The synthetic test is similar to the checkerboard test as mentioned above, but we adopt a different input model which is constructed from the inverted 3-D velocity model (Figs. 7 and 8 ). Velocity anomalies of 2% or − 2% are assigned to the grid nodes if the inverted anomalies are greater than 0.5% or smaller than − 0.5%, respectively, leading to an input model (the left column of Fig. S6 ). Then synthetic travel times are calculated for the input model. Random noise with a standard deviation of 0.1 s is added to the synthetic travel times to simulate the observation errors. The test results (Fig. S6) show that all the primary input anomalies are recovered well, indicating that the main features in Figs. 7 and 8 are reliable.
Discussion
Previous geological, geochemical and geophysical studies have suggested that a giant magmatic activity occurred in the Late Mesozoic in eastern China (e.g., Hou et al., 2007; Ling et al., 2009; Lü et al., 2005 Lü et al., , 2013 Mao et al., 2011a; Sun et al., 2013; Wu et al., 2012) . What is the relationship between the detached lithosphere, the upwelling asthenosphere and the magmatic activity? In other words, do the present tomographic images contain information on the Late Mesozoic magmatic activity? We consider that the velocity anomalies revealed by our tomography do reflect the remnant traces of the ancient dynamic processes if they have not been altered seriously by the later geological events since their formation. This issue can be further addressed from the following two aspects. (1) As mentioned before, the ages of igneous rocks primarily concentrate at 143-120 Ma in the DBO (e.g., and at 156-100 Ma in the LYB (e.g., Mao et al., 2011a; Sun et al., 2013; Wu et al., 2012) , which indicates that significant magmatic activities have not happened since the Late Cretaceous in the study region. (2) Two important geological events have taken place in and around Mainland China after the Late Cretaceous. One was the collision between the Indian Plate and the Eurasian Plate since~55 Ma ago, and the other was the expansion of the Philippine Sea Plate from~40 Ma ago (Mercier et al., 2013) . The far-field influences of the two events may have mainly changed the stress direction rather than the internal structure of the study region. Therefore, the seismic velocity anomalies revealed by this study may reflect the remnant traces of the Late Mesozoic dynamics. Petrological, geochemical and geochronological results provide temporal and compositional information on the geodynamic processes. Precise Zircon U-Pb dating results show that the age of the Mesozoic igneous rocks in the LYB has a break at 136 Ma (Wu et al., 2012) or at 135 Ma (Mao et al., 2011a; Sun et al., 2013) . Furthermore, in the LYB, porphyry-skarn-stratabound Cu-Au-Mo deposit-related granitoids and skarn-Fe-Cu deposit-related granitoids elder than 135 Ma exhibit adakitic properties. In contrast, the magnetite-apatite deposit-related volcanic rocks younger than 135 Ma and the A-type granitoids represent normal andesite and dacite, not adakitic rocks (Mao et al., 2011a) . There are three possible models for the formation of the Mesozoic adakites in the Lower Yangtze river belt, including melting of thickened ancient lower continental crust, melting of delaminated lower continental crust and melting of underplated basaltic lower crust (Ling et al., 2009 and references therein) . A recent seismic reflection survey supports the model of melting of delaminated lower continental crust (Lü et al., in press ). However, Ling et al. (2009) argue that it is difficult to form calc-alkaline rocks if adakite was formed by underplating of basaltive magmas, because calc-alkaline rocks are usually closely associated with subduction, and so they proposed a ridge subduction model which can well explain the spatial distribution of adakites in the LYB. We consider that (1) the ridge subduction model possibly provides all elements for adakites; (2) these elements ascended accompanying with the upwelling asthenosphere and might meet the melts of delaminated lower crust; and (3) these mixture underplated to the crust-mantle boundary.
We infer that a ridge subducted beneath the LYB prior to 150 Ma and then it was separated gradually from the front edge by the upwelling sub-slab magma during 150-135 Ma (Fig. 10a) . A slab window would open consequently, through which more sub-slab magmas flowed upward. Meanwhile, the oceanic crust near the edge of the slab window would partially melt due to the thermal erosion that yielded the adakitic rocks with younger trending oceanward (Wu et al., 2012) . This geodynamic process is similar to what occurred in the Kamchatka subduction zone (Jiang et al., 2009a ). In addition, Ling et al. (2011) recognized that adakites from the DBO have, on average,~10 times higher La/Yb and Sr/Y and~3 times higher Nb/Ta than those in the LYB, suggesting that the subducted ridge ultimately terminated under the Tanlu fault.
For the igneous rocks at 135-101 Ma in the LYB, although they have few adakitic properties, most of them were developed in some faultcontrolled basins, such as those in Luzong, Fanchang, Ningwu, Lishui, Liyang, Tianmushan and Tonglu, suggesting that their in-situ condition was possibly under an extensional setting Wu et al., 2012) . Receiver-function results show that both the Moho discontinuity and the lithosphere-asthenosphere boundary are shallower beneath the metallogenic belt in the LYB , suggesting that the in-situ stress was under an extensional regime there. The extensional stress might be related to the clockwise rotation of the paleo-Pacific Plate from roughly southward to northwestward in the Cretaceous (Sun et al., 2007) . Meanwhile, the paleo-Pacific slab replaced the ridge at 135-100 Ma under the LYB and dehydrated at 100-200 km depth that caused thermal erosion of the overlying lithosphere (Fig. 10b) . Our tomography shows that the low-V anomaly beneath the LYB and the high-V anomalies coexist under the two flanks of the LYB (Fig. 9) , which reflect the upwelling hot flow and the detached cold lithosphere, respectively. Hence we infer that the thermal erosion and the extensional stress jointly caused the lithospheric detachment beneath the LYB. By underplating, the lower crust partially melted with an increasing temperature, and the molten magma would then ascend through the early-formed fault to produce the fault-controlled igneous rocks and large-scale mineralization in the LYB (Lü et al., 2005 ). The Pacific slab subduction ceased beneath the Tanlu fault and the slab would have sunk down to the mantle transition zone, where it is stagnant at present (Figs. 8f-g, and 9 ).
For the mafic igneous rocks in the DBO, there are also several mechanisms which are controversial and even contradictory with each other. As mentioned above, the mafic igneous rocks in the DBO were mainly produced in 140-110 Ma , which occurred slightly later and shorter than those in the LYB (150-101 Ma). Ling et al. (2011) found that the adakitic property in the DBO is closer to that of the lower continental crust, e.g., containing higher Sr/Y (6.47-1303) and higher , hence they proposed that the Dabie adakites might result from partial melting of the lower continental crust. Huang et al. (2008) found high-Mg adakites in Chituling adjacent to the Tanlu fault, and attributed the high-Mg feature to partial melting of the foundering lower continental crust. also suggested that the adakites were caused by partial melting of thickened lower and middle crust accompanying with the lithospheric thinning. Recent receiver-function results show that the crustal thickness beneath five seismic stations in the eastern DBO ranges from 33 to 36 km, which is similar to that in the adjacent areas (Huang et al., 2014) . Although the crustal thickness beneath the DBO is not well determined due to the limited data (Huang et al., 2014) , its general pattern suggests that the crust has not been thinned. These results imply that the adakites in the DBO might be generated by another mechanism, instead of partial melting of the lower continental crust.
Adakites from the DBO have highly varied Th/U and Nb/Ta, suggesting that they were likely related to plate subduction (Ling et al., 2011) . The presence of coesite and microdiamond in metamorphic rocks in the DBO provides compelling evidence for the continental subduction to a mantle depth in the Premium or the Triassic. It is generally considered that the Triassic collision between the NCB and the SCB led to the ultra-high pressure (UHP) metamorphism at 100-200 km depth under the Dabie-Sulu Orogen by the exhumation mechanism of UHP metamorphic rocks (e.g., Zheng, 2008 Zheng, , 2010 , and references therein).
Although a detailed discussion on the exhumation mechanism is beyond the scope of the present work, here we mention two primary viewpoints on the exhumation mechanism of UHP metamorphic rocks in the DBO, which would enable us to better interpret the high-V anomaly and understand dynamic processes beneath the DBO. One view is that the exhumation was caused by the gravitational instability and subduction underthrusting due to the break-off of the early subducted SCB beneath the DBO (e.g., Zheng, 2008) . The other view regards the decompression due to the counterclockwise rotation of the NCB by~30°at 235-190 Ma as the mechanism of exhumation (Yang et al., 2001 ). The former mechanism encounters some challenges and doubts. For example, not only the presence of partial melting of the UHP eclogites and gneisses in the DBO but also the absence of syn-exhumation basaltic rocks with depleted isotope compositions suggest that the subducted SCB slab might not break off, implying that the SCB might be stagnant and inactive beneath the DBO in the Middle Jurassic, when the NCB and the SCB merged together completely and the metamorphism became weak and even ceased (Yang et al., 2001) . Until the Late Jurassic, the subduction of the paleo-Pacific slab and/or the ridge with the southward drifting of the Siberia Block jointly triggered the reactivation of the stagnant SCB, which consequently developed the post-collisional mafic igneous rocks at 140-110 Ma. Zhao et al. (2013) proposed a SARSH model to explain how the subducted continental crust generated the post-collisional mafic igneous rocks in the DBO. On basis of the above discussions, we infer that the formation of the post-collisional mafic igneous rocks in the DBO may include the following two stages (Fig. 10). (1) The subducted but later inactive SCB existed beneath the DBO and a small-scale thermal flow from the slab window began to erode the eastern edge of the subducted SCB during 150-140 Ma (Fig. 10a) . (2) The paleo-Pacific slab replaced the ridge under the LYB and dehydrated at depths of 100-200 km. Partial melting occurred in the asthenosphere above the slab as a result of the interaction with the hot fluids, most of which ascended to the lower crust beneath the LYB, whereas the rest flowed westward to reach the subducted SCB under the DBO. The thermal flow provided a necessary hot source for the SARSH model . In addition, the continuous thermal erosion led to splitting of the deeper part of the subducted SCB. The high-V anomaly (H3 in Fig. 8b ) might represent the detached lithosphere.
Seismic tomography is a snapshot of the present Earth's interior. Whether our tomographic results could be linked with the past geological events depends on the time of assimilation of seismic anomalies revealed by tomography. Taking into account the thermal diffusion of the mantle materials (e.g., Gibert et al., 2003; Katsura, 1995) , many studies of thermal-chemical modeling and mantle convection have been made (e.g., Bunge et al., 2003; Conrad and Gurnis, 2003; He, 2014; Kameyama and Nishioka, 2012; Nakagawa and Tackley, 2004; Steinberger and Antretter, 2006) . These previous studies have shown that high-V zones such as the subducted slabs and low-V anomalies in the upper mantle beneath some intraplate volcanoes can be kept for 100-150 Ma or even longer. For example, the Tethyan slabs subducted in the Cretaceous period are still visible in the mantle beneath India and adjacent regions, which have been detected clearly by seismic tomography (e.g., Van der Voo et al., 1999; Zhao, 2015) .
Conclusions
The rich mineralization in the LYB and the world-famous UHP metamorphic rocks in the DBO are related to the Mesozoic magmatism in east-central China. Many researchers have studied the mechanism of the Mesozoic magmatic activity in this region using geological, geophysical, petrological and geochemical approaches. In this study, we have used teleseismic tomography to probe the 3-D P-wave velocity structure of the mantle beneath east-central China for understanding the deep geodynamic framework of the Mesozoic magmatism. Our results show that distinct high-V anomalies exist beneath the DBO and two flanks of the LYB, and low-V anomalies exist above the high-V zones. Combining our tomography with the previous geochemical and petrological results, we infer that the high-V anomalies reflect the subducted slab or detached subcontinental lithosphere, whereas the low-V anomalies reflect upwelling asthenospheric materials. The spatial and temporal correlations of the magmatism in the DBO with that in the LYB suggest that they are caused by a unified geodynamic process in eastcentral China. Based on our tomography and previous dynamic models, we propose a double-slab subduction model. One slab was a descending oceanic lithosphere, such as the subducted paleo-Pacific Plate beneath the LYB, whereas the other slab was related to a continental lithosphere, such as the subducted SCB beneath the DBO. In addition, the ridge between the Izanagi Plate and the paleo-Pacific Plate might have subducted beneath the LYB prior to the paleo-Pacific slab, which produced the adakitic rocks in the LYB due to partial melting of the oceanic crust. This double-slab model can well explain the geophysical and geological observations in the study region.
